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An outstanding characteristic of the enzymatic oxidation of ascorbic acid by 
highly purified preparations of ascorbic acid oxidase, is the pronounced inacti- 
vation of the enzyme that occurs during the course of the reaction (1).  It is the 
purpose of this communication to present data showing that the enzyme inacti- 
vation occurring during the reaction, is due to causes which, for the purposes of 
discussion and clarification, may be divided into two categories: (1) Inactivation 
due to environmental conditions during the reaction; i.e., pH, substrate concen- 
tration, dilution, rate of shaking, etc., and (2) inactivation due to some factor 
inherent in the ascorbic acid-ascorbic acid oxidase-oxygen reaction.  The first 
type of inactivation may be minimized by the use of the inert protein gelatin 
in the enzyme dilution under a prescribed set of environmental conditions (1). 
The second type of inactivation is not minimized to any great extent by the use 
of added gelatin.  The groundwork for a study of the latter type of inactivation 
of ascorbic acid oxidase was laid by Steinman and Dawson (2), when they re- 
ported that catalase, peroxidase, and methemoglobin markedly protect ascorbic 
acid  oxidase  against  inactivation.  Inactivation  encountered  under  various 
environmental conditions will be discussed first. 
Effect  of Substrate  Concentration  on the Inactivation  of Ascorbic  Acid  Oxidase 
When no inert protein is present in the reaction system, the enzymatic oxi- 
dation of ascorbic acid is characterized by a continuous decrease in the rate of 
oxygen uptake, until eventually the rate becomes zero, even though a consider- 
able amount of unoxidized ascorbic acid may still remain in the flask.  That this 
phenomenon is due to inactivation of the enzyme is evidenced by the fact that 
the addition of more enzyme to the system after the rate has approached zero 
results in a sharp increase in the rate of oxidation as measured by oxygen uptake. 
The total amount of oxygen absorbed by the system by the time the rate of 
oxidation approaches zero, will henceforth be called the "inactivation total" 
and will be expressed in mm.  3 oxygen absorbed.  Table I shows how the inacti- 
vation  total varies with  the  substrate  concentration for a  given amount  of 
enzyme and how it is affected by the inert protein, gelatin. 
The data as given in columns 2 and 3 of this table show that when no gelatin 
is present in t.he reaction system, the amount of work (extent of oxidation) that 
a given amount of purified enzyme can accomplish before becoming completely 
inactivated decreases with increase in original concentration of ascorbic acid. 
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When gelatin is a  component of the system the same general effect of original 
ascorbic acid concentration on the inactivation total is observed, but the effect 
is less pronounced  (columns 4  and  5  of the table).  It should  be noted  that 
because of the manner of introducing the gelatin, the higher inactivation totals 
observed in the latter case are the result in large part of less inactivation of the 
enzyme occurring prior to the  start  of the reaction  (1). 
TABLE I 
Skowing the Effect of Substrate Concentration wltk a Given Amount of Enzyme upon the 
"Inactlvalion Totals"* in the Presence and Absence of Galatia at pH 5.6 
Without gelatin  With gelatin  Amount of ascorbic 
acid in 8 cc. 
reaction volume  Inactivation total  Per cent of initial  Inactivation total  Per cent of initial 
AH2 oxidized  AH2 oxidized 
mg. 
2.5 
5.0 
7.5 
10.0 
12.5 
15.0 
109 4-7 
98 4-9 
62 -4-3 
58 "4-4 
36 ±5 
31 ±3 
72 
31 
13 
9 
5 
3 
ram.a02 
159 4-2 
311 4-4 
347 -4-11 
217 4-4 
146 4-4 
133 4-3 
100 
100 
73 
34 
18 
14 
Witlumt  Gdatin.--Reaction  mixtures,  set-up,  and measurements  made as previously de- 
scribed3;  1 cc. of enzyme (15-OI) diluted  (1:1250) with H20 used. 
Mixtures  of buffer and varying mounts of ascorbic acid adjusted to pH 5.6 by using 2.0 
ee. of citrate-phosphate  buffers of varying original values of pH. 
With Gdatin.--Reaction  mixtures same as above, except that 1 co. of enzyme (15-O13 was 
diluted  (1:1250) with gelatin solution:~ (0.5 rag. gelatin in system). 
* "Inactivation total" is a term representing the total amount of oxygen absorbed by the 
system by the time the rate of oxidation approaches zero; i.e., amount of oxygen absorbed 
before inactivation  of the enzyme becomes complete.  Each experimental value is the average 
of at least  three  determinations. 
See legend of Fig. 1, curves I and HI, previous communication  (1). 
Effect of pH on the Inactivation of Highly Purified Ascorbic Acid Oxidase 
The total amount of oxygen absorbed by the system before the point of com- 
plete inactivation of the enzyme (the "inactivation total"), varies with change 
in pH of the system in much the same manner as the activity of the enzyme 
varies with pH.  This is shown by the data as given in Table II.  Inspection of 
the data obtained using no gelatin and 2.5 rag. of ascorbic acid (columns 2 and 
3) shows that the enzyme does the most work before inactivation at pH 5.6, the 
same pH that is optimum for the initial rate of oxidation (1).  The same point 
is illustrated by the data obtained using gelatin and 5 mg. of ascorbic acid (col- 
umns 6 and 7).  With inert protein (gelatin) in the system, however, the varia- 
tion with change in pH is not as marked.  Inactivation totals are considerably 
higher when gelatin  is present  in  the  system.  As pointed out earlier,  in  the W.  H.  POWERS  AND  C.  R.  DAWSON  183 
discussion of Table I, this is due in large part to the manner of introducing the 
gelatin during the dilution of the enzyme, i.e. less enzyme is inactivated prior 
to its use in the reaction and effectively, therefore, more enzyme is added to the 
system at zero time than in the case of the data shown in columns 2 and 3.  For 
this reason the effect of pH on the inactivation  of this particular  amount  of 
enzyme cannot be illustrated using 2.5 mg. of ascorbic acid with gelatin,  since 
the ascorbic acid is completely oxidized at each pH (columns 3  and 4). 
TABLE II 
Shewing the Effect of pH with a Giren  Amount of Enzyme upon the "Inaalvation Totals" in the 
Presence and Absence of Gdatin 
pH of the 
system 
4.5 
5.0 
5.3 
5.6 
6.0 
6.2 
7.0 
No gelatin 
2.Stag. AHtm  159 mm.t O2 
Inactivation  Per cent of 
initial AH: 
total  oxidized 
ram.  $ 02 
23 -~9  14 
74 ::1=4  46 
94 -4-5  59 
109 4-7  70 
78 4-4  49 
65 +4  41 
65 ~3  41 
Gelatin in enzyme dilution 
2.5 mg. AHt m  159 mm.S 01 
[ Per  cent  of  Inactivation  I  initial AHt 
total  oxidized 
ram,  |  0t 
157 -4-3  I00 
154 ::t:::4  100 
152 -4-6  100 
159 ::1::2  100 
156 ~1  100 
157 ~2  100 
153 4-3  100 
5  rag. AHt  m  318 ram.: Ot 
I  Per cent  of  Inactivstion  i  i~itial  AHz 
total  oxidized 
r,u,n.* Ot 
199 4-4  62 
238 -I-12  75 
243 -I-3  76 
311 4-4  100 
263 -4-8  83 
284 ::~9  89 
194 -¢-19  61 
No Gelatin (2.5 Mg. Ascorbic Add).--Reaction mixtures, set-up, and measurements made 
as previously described.*  1 cc. of enzyme (15-OI) diluted  (1:1250) with H~O used. 
Gelatin (2.5 Mg. Ascorbic Ac~/).--Reaetion mixtures same as above except that I  cc. of 
enzyme (15-O1) was diluted  (1:1250) with gelatin solution.* 
Gdatin (5 Mg. Ascorbic Ac/d).--Reaction mixtures same as directly  above, except that 5 
nag. ascorbic acid used instead of 2.5 rag. 
Each experimental value is the average of at least three determinations. 
* See legend of Fig. 1, curves I and Ill, previous communication  (1). 
Effect of Shaking on the Inactivation of Ascorbic Acid Oxidase during 
the Enzymatic Oxidation of Ascorbic Acid 
It was found necessary to regulate the shaking of the Warburg respirometem 
during the enzymatic oxidation of ascorbic acid by the highly purified ascorbic 
acid oxidase,  since the amount of oxygen taken up before inactivation  of the 
enzyme occurred was found to be dependent  upon the rate of shaking.  The 
following data illustrate the point.  When 1 cc. of the enzyme solution (15-O1) 
diluted 1:1250 with water was used to oxidize 2.5 mg. of ascorbic acid in a reac- 
tion volume of 8 co. buffered to pH 5.6 at 25°C., the ascorbic acid was completely 
oxidized (158 ram.  8 oxygen uptake)  when the manometers were shaken slowly 184  INACTIVATION  OF  ASCORBIC  ACID  OXIDASE 
at a rate of 40 oscillations per minute.  When the manometers were shaken at 
120 oscillations per minute the rate of oxidation increased, but the "inactivation 
total" was 109 ±  7 ram3 oxygen, and at a rate of 150 oscillations per minute a 
total of only 79 ±  7 ram3 of oxygen was taken up before complete inactivation 
of the enzyme took place.  Since the rate of oxidation was not increased in the 
latter case, all studies were made while shaking the manometers at 120  oscilla- 
tions per minute. 
Effect  of Enzyme  Concentration  upon  Inactivation  of Ascorbic  Acid  Oxidase 
The data in Fig. 1 show that, under specified conditions of pH, substrate con- 
centration, and gelatin concentration, the "inactivation totals" vary directly 
with the amount of enzyme used in the reaction system.  Ludwig and Nelson 
(3) observed the same phenomena while studying the inactivation of the copper 
protein enzyme, tyrosinase.  Curve I  shows the relationship between enzyme 
and "inactivation totals" under optimal conditions of pH and substrate con- 
centration for measuring activity (i.e., 5 rag. of ascorbic acid and at pH 5.6), 
while curve II shows the relationship under non-optimal conditions in  regard 
to the substrate (i.e., 10 nag. of ascorbic acid and at pH 5.6).  The proportion- 
ality of enzyme concentration to total oxygen uptake is still direct under the 
latter conditions, but the slope of the line is less, since the inactivation total for 
any given amount of enzyme decreases with increase in substrate concentration 
(see Table I). 
Inactivation  Due  to  Some Factor Inherent  in  the Ascorbic  Acid-Ascorbic  Acid 
Oxidase-Oxygen Reaction 
It is evident from the foregoing discussion and the data as shown in Fig.  1 
that even when the environmental conditions are made optimum for minimiz- 
ing the inactivation of the enzyme occurring during the course of the reaction, 
serious inactivation of the ascorbic acid oxidase is still apparent.  In fact, only 
a minor portion of the inactivation occurring during the course of the reaction 
appears  to  be  affected by  environmental  conditions.  The fact  that  under 
these optimum conditions the amount of ascorbic acid oxidized before complete 
inactivation is proportional to the amount of enzyme employed, strongly sug- 
gests that some product of the reaction is responsible for the major portion of 
the enzyme inactivation.  That the main product of the reaction, dehydro- 
ascorbic acid, is not responsible for this inactivation was shown in the following 
way.  Experiments were set up in the Warburg respirometer, so that in each 
case the reaction mixture contained at the start of the reaction varying amounts 
of dehydroascorbic acid  in addition  to 5.0  rag.  of ascorbic acid.  This was 
effected by placing 5 to 12.5 rag. of ascorbic acid in the flask, and adding an 
amount of p-quinone sufficient to oxidize to dehydroascorbic acid all of the 
ascorbic acid in excess of 5 rag.  Enzyme was then added immediately to ini- W.  H.  POWERS  AND  C.  R.  DAWSON  185 
tiate the enzymatic oxidation of the 5 mg. of ascorbic acid remaining in the flask. 
The  experiment  was  set  up four times  so that  the  ratio  of ascorbic  acid  to 
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dehydroascorbic  acid  was 5  rag./0  mg.,  5  mg./2.5  mg.,  5  mg./5  mg.,  and 
5 mg./7.5 rag.  In all four cases no difference in the rate of oxygen uptake was 
noticed and no significant difference in the total amount of oxygen absorbed 
before complete inactivation was found.  Thus dehydroascorbic acid, or any 
FIG. 1.  Showing the dependence of inactivation on enzyme concentration at pH 5.6. 
Cur~e/'.--Reaction mixtures contained 5 rag. of ascorbic acid and 0.5 mg. gelatin. 
Set-up and measurements made as previously described (see legend of Fig. 1, curve III, 
previous communication (1)).  1 cc. of enzyme (15-OI) diluted (1 : 1250) with gelatin 
solution is equivalent to 2.5 units of activity. 
Curve H.  Reaction Mixture.--Same as for curve I, except 10 mg. of ascorbic acid. 
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FzG. 2.  Curves showing that the initial  rate of oxidation of ascorbic acid by ascorbic 
acid oxidase is not affected by the presence of protecting agents such as catalase or 
peroxidase. 
Curve/.--Reaction mixture contained 5  rag.  of  ascorbic acid  and  0.5  rag.  of 
gelatin  (pH  5.6).  Set-up,  and  measurements made  as  previously described  (see 
Legend of Fig. l, curve III, previous communication (1)).  1 cc. of enzyme (15-OI) 
diluted (1 : 1250) with gelatin solution was used (2.5 units). 
Curve//.--Same as curve I except that 1 cc. of catalase or peroxidase (at a dilution 
of 1:1000 which contained 0.00217  mg. or 0.00275  mg. of protein respectively) was 
substituted for 1 cc. of water in reaction flask. 
Curve III.--Same as curve I  except that 1 unit of ascorbic acid oxidase was used; 
i.e., 1 cc. enzyme (15-OI) diluted (1:3125) with gelatin solution. 
Curve IV.--Same as curve Ii except that 1 unit of ascorbic acid oxidase was used 
as in curve III. 
Catalase Solution.--The catalase preparation was made and crystallized from beef W.  If.  POWERS AND C.  R.  DAWSON  187 
of its decomposition products, cannot be the factor causing the inactivation of 
ascorbic acid oxidase during the oxidation. 
If one assumes that hydrogen peroxide is a  product of the enzymatic oxida- 
tion of ascorbic acid,  1 as a number of investigators are inclined to assume (4-7), 
the inactivation  of the ascorbic acid oxidase occurring during  the reaction is 
readily explained.  Dixon (11) has shown that when H~O~ is one of the products 
of an enzymatic oxidation, serious inactivation of the enzyme may occur during 
the reaction.  Dixon studied the aerobic oxidation of hypoxanthine as catalyzed 
by xanthine  oxidase,  and found that  the destruction  of the enzyme could be 
prevented  by the addition  of catalase  to the initial  reaction mixture.  With 
catalase present  the initial  rate of oxygen absorption by the system was con- 
liver by E. S. Robinson in these laboratories.  The method of preparation was that 
of Sumner and Dounce (13).  It was recrystallized by one of us (W. H. P.) prior to 
use, following the suggestions for recrystallization offered by Sumner and Dounce. 
The activity of the undiluted  catalase solution  (also referred  to in Table IV) was 
determined by the method of von Euler and Josephson (14)  and found to have a 
Kat.  f. value of 36,400.  This value was obtained when the catalase  solution was 
at  a  dilution of (1:2000).  The dry weight of the undiluted solution was 2.17  mg. 
per cc.  The iron content of the preparation was determined by the method of Say- 
well and Cunningham (15)  with the following modification; dz., concentrated nitric 
acid was substituted  for perchloric acid during the wet-ashing process.  The iron 
content was 0.106 per cent, each cubic centimeter of the undiluted catalase solution 
containing 2.3 ~,Fe.  The values for activity and iron content agree well with those 
of Sumner and Dounce (13)  for their crystalline beef liver catalase; e.g., 35,700 and 
0.10 per cent Fe. 
Pero~ddase  Sol~ion.--The  peroxidase  preparation  used  in  this  work  was  made 
from horseradish roots by the method described by Elliott (16).  The activity deter- 
ruination was performed according to the method of Balls and Hale (I7) at an enzyme 
dilution of (1 : 1000).  The preparation was found to have a P.Z. value of 680.  The 
dry weight of the undiluted  solution was 2.75  mg.  per cc.  The iron content was 
found to be 0.088 per cent, each cubic centimeter of the undiluted solution containing 
2.5 ~,Fe.  The peroxidase solution at a dilution of (1 : 100) showed no catalase activity 
(failed to decompose any of 1.8 rag. of H202)  over a period of 10 minutes.  Solutions 
more concentrated than this showed slight catalase activity.  The catalase solution 
above at  a  dilution  of (1:100)  under the  same conditions  completely decomposed 
1.8 mg. of HsO~ in 20 minutes. 
x The aerobic oxidation of ascorbic acid as catalyzed by cupric ion results in the 
formation of relatively  large  amounts  of hydrogen peroxide  (8-10,  2).  However, 
there is no good evidence that hydrogen peroxide is a  product of the oxidation as 
catalyzed by the copper-protein enzyme, ascorbic acid oxidase.  In fact, the evidence 
is contradictory to the view that H,O2 per se is a product of the enzymatic oxidation 
(2).  The same experimental  methods which dearly indicate  the presence of H~O~ 
in the ascorbic acid--Cu++--O~ system, even in the case where the amounts of H20, 
are very small, fail to detect H202 in the enzyme system. 188  INACTIVATION OF  ASCORBIC  ACID  OXIDASE 
siderably less, the reaction course showed little evidence of enzyme inactivation, 
and the oxygen uptake at complete oxidation of the hypoxanthine corresponded 
to one gram atom of oxygen instead of two gram atoms as obtained in the ab- 
sence of catalase.  These findings were confirmed by Keilin and Hartree (12) 
and the experiments have been repeated with the same results in this laboratory. 
These results indicate that hydrogen peroxide is a  product of the enzymatic 
oxidation of hypoxanthine by xanthine oxidase.  When catalase is present, the 
H,O2 is decomposed according to the equation 
2H~O~ ~  2H20 +  02 
as rapidly as formed with a  continuous return of oxygen to the system.  The 
net result is a  much lowered initial rate of oxygen uptake, protection of the 
enzyme, and a total uptake of one gram atom of oxygen instead of two. 
When the same plan of attack was used on the ascorbic acid-ascorbic acid 
oxidase system by Steinman and Dawson (2), the results obtained were quite 
different.  Although the enzyme was found to be markedly protected by small 
amounts of catalase in the system, the initial rate oi oxygen uptake and the final 
volume of oxygen absorbed for complete oxidation of the ascorbic acid were 
unchanged.  Fig.  2 shows the results of a  similar series of experiments using 
the highly purified ascorbic acid oxidase preparation 15-OI.  It is clear that 
when small amounts of catalase or peroxidase are present in the system the 
ascorbic  acid  oxldase  is  markedly  protected  against  inactivation,  and  the 
phenomenon is not dependent upon the ascorbic acid  oxidase concentration 
since the results are qualitatively the same whether 1 or 2.5 units of the enzyme 
are used.  The initial rate of oxidation was not diminished by the presence of 
catalase, as would be expected if H,O, were produced.  Furthermore, the level 
of oxygen uptake attained in the protected systems is the same as that attained 
when sufficient quantity of ascorbic acid oxidase is used to completely oxidize 
the ascorbic acid. 
Keilin and Hartree (12) have shown that the hydrogen peroxide produced in 
the enzymatic oxidation of hypoxanthine can cause the secondary oxidation of 
ethyl alcohol if catalase is present to catalyze this secondary reaction.  This 
observation was confirmed and then applied to the catalase-protected ascorbic 
acid-ascorbic acid oxidase system.  No secondary oxidation of ethyl alcohol 
could be detected, thereby indirectly giving further evidence that the ascorbic 
acid-ascorbic acid oxidase system does not produce H=O~ in the manner of the 
xanthine oxidase-hypoxanthine system. 
Protective Action of Catalase znd Peroxidase  against  the Inactivation of Ascorbic 
Acid Oxidase 
A  striking way of showing the degree of catalase or peroxidase protection 
against  the inactivation of the ascorbic acid oxidase is  to add  to the system W.  H. POWERS  AND  C. R.  DAWSON  189 
varying amounts of either of these iron-porphyrin  proteins,  and then compare 
the amount  of ascorbic acid oxidized (oxygen absorbed  by the system)  before 
the inactivation  of the oxidase becomes complete.  The  results  of a  study  of 
this sort are shown in Table III.  Very similar results were obtained by substi- 
TABLE III 
Showing  How  the Oxidizing  Capacity  of a  Given Amount  of Highly  Purified  Ascorbic Acid 
Oxidase Is Increased with Increase in Catalase Added to the System 
Experiment  .................. 
Catalase added, mg  ..... 
Approximate time before 
inactivation of the oxi- 
dase was complete .... 
Ascorbic  acid  oxidized 
before  inactivation 
my ................. 
I 
0 
10 min. 
II 
0.000217 
20 min. 
1-1.5  2.0--2.5 
III 
0.00217 
2½ hrs. 
18 
IV 
0.0217 
3½ hrs. 
31 
V 
0.217 
5hrs. 
46 
VI 
2.17 
>8 hrs. 
>67 
Experiment/.--Reaction mixture (buffered to pH 5.6)  containing 15 nag. of ascorbic acid 
and 1 cc. of oxidase (15-OI)  diluted (1:1250) with gelatin solution (0.5 rag. per cc.).  Set-up 
and measurements made as previously described,* except that Barcroft differential manome- 
ters were used.  The compensation flasks were made up the same as the reaction flasks except 
for oxidsse. 
Experiment//.--Same as I, except 1 cc. of catalase solution (see legend of Fig~ 2)  (dilution 
1:10,000)  was added to the initial reaction mixture in place of 1 cc. of water. 
Experiment  IlL--Same as I, except 1 cc. of catalase solution (1:1,000)  was added to the 
initial reaction mixture in place of 1 cc. of water.  When all of the 15 mg. of ascorbic acid 
had been oxidized, a  second  15 rag. portion of ascorbic acid was added  and readings con- 
tinued. 
Experiment IV.--Same as I except 1 cc. of catalase solution (1 : 100) was added to the initial 
reaction mixture in place of 1 cc. of water.  More ascorbic acid was added  as soon as the 
previous amount had been oxidized. 
Experiment  V.--Same as I except 1 cc. of catalase solution (1 : 10) was added to the initial 
reaction mixture in place of 1 cc. of water.  More ascorbic acid was added when necessary. 
Experiment  gI.--Same as I except I cc. of catalase (undiluted) was added.  More aseorbic 
acid was  added  when necessary.  The  undiluted  catalase  solution had  negligible ascorbic 
acid oxidase activity. 
* See legend of Fig. 1, curve III, previous communication (1). 
tuting  peroxidase  for  catalase.  The  data  show  that  the  reaction  between  a 
given amount of the highly purified ascorbic acid oxidase and 15 mg. of ascorbic 
acid does not proceed far when the system is unprotected by catalase or peroxi- 
dase.  However,  if  a  very  small  amount  of  either  catalase  or  peroxidase  is 
added  to  the  reaction  mixture,  this  inactivation  is prevented  for a  matter  of 
hours and the amount of ascorbic acid oxidized before inactivation of the oxidase 
takes place is enormously increased. 300 
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FxG. 3.  Showing  comparative effects of various proteins  on  the  inactivation of 
ascorbic acid oxidase. 
Curve/'.--Base  curve at pH 5.6 and 25°C.  Original reaction mixture contained 
5 nag. ascorbic acid and 1 unit of oxidase (15-OI) diluted with gelatin.  Set-up and 
measurements made as previously described (see legend of Fig. 2, curve III). 
Curves II to  VZ.--Same as curve I  except that  1 cc. of water in original reaction 
mixture was substituted by 1 cc. of a  solution containing the protective agents as 
shown  in Table IV. 
Other  Details.--"Boiled"  solutions were heated  in  a  boiling water bath about  5 
hours.  "Boiled" catalase and methemoglobin solutions were in reality suspensions 
of  the  denatured protein.  "Boiled" peroxidase solutions failed to  precipitate out 
any denatured protein.  The activity of both eatalase and peroxidase solutions was 
completely nullified by the heating. 
Cytochrome  c  Solutlon.--The  cytochrome c  solution was  prepared  according  to W.  It.  POVCERS  AND  C.  R.  DAWSON  191 
Effect of Porphyrin Proteins and Non-Porphyrin Proteins on the Inactivation  of 
A scorbic Acid Oxidase 
The proteins which  Steinman and Dawson  (2)  reported  to be effective in 
preventing the inactivation of ascorbic acid oxidase were iron-porphyrins; e.g., 
catalase, peroxidase, and methemoglobin.  It seemed advisable, therefore,  to 
study the effect of proteins other than iron-porphyrin proteins on this inactiva- 
tion.  Likewise, it seemed of interest to include  the biologically active iron- 
porphyrin protein, cytochrome c, which from a  structural viewpoint might be 
expected to play the same type of r61e as the above-mentioned iron-porphyrin 
proteins.  Thus a  comparison of the protective action of catalase, peroxidase, 
methemoglobin, cytochrome c, egg albumin, and gelatin was made under iden- 
tical  experimental  conditions.  The protein-free iron-porphyrin,  hemin,  was 
also tested for protective action. 
The results are shown in Fig. 3.  In all of the experiments represented in this 
figure,  the  reaction mixture contained  5  mg. of ascorbic acid and  1 unit  of 
ascorbic acid oxidase (dilution was made with gelatin as previously described). 
In the case of curve I, nothing else was added to the system, and thus this curve 
shows the course of the enzymatic oxidation of the ascorbic acid in the absence 
of any protecting agents for the enzyme (except for the gelatin introduced dur- 
ing the dilution of the enzyme to stabilize it until the reaction was initiated). 
Curves II to VI show the effect of introducing varying amounts of the protec- 
tive agents mentioned above and shown in Table IV.  As can be seen from this 
table and reference to curves II, III, and V of Fig. 3, catalase and peroxidase 
the method of Keilin and Hartree  (18).  The dry weight of the preparation was 
1.55 rag. per cc.  These authors report the iron content to be 0.34 per cent. 
MethemogloMn Solution.--The  methemoglobin solution was made from horse blood 
hemoglobin according to the method of Ferry and Green (19).  The dry weight of 
the undiluted solution was 13.1 rag. per cc.  Each cubic centimeter contained 38.3 
of Fe, for an iron content of 0.29 per cent.  The peroxidatic activity of this prepara- 
tion at a dilution of (1 : 100) was slight, but not as strong as that of the peroxidase 
solution (legend  of Fig. 2)  at a dilution of (1:1000).  The catalase activity of this 
preparation, at a dilution of (1 : 100) was sufficient to decompose 1.8 nag. of hydrogen 
peroxide in 50 minutes.  The catalase solution at a dilution of (1:1000)  decomposed 
an equal amount of hydrogen peroxide in 20 minutes. 
Hemin.--Crystalline  hemin was prepared by E. S. Robinson from ox hemoglobin 
according to the directions of Gatterman and Wieland (20).  The solution of heroin 
as used above was made by dissolving  the heroin crystals in a 0.01 per cent solution 
of NaOH and diluting with water to the desired hemin concentration.  The percent- 
age of Fe in heroin is 8.5.  The amount of hemin as used above was 10 ~, per cc. 
Egg Albumin.--The egg albumin was prepared by S. R. Ames of these laboratories 
according  to the  method of Sgfrensen and  Hoyrup  (21).  The dry weight  of the 
preparation was 114.8 rag. per cc. 192  INACTIVATION OF  ASCORBIC ACID OXIDASE 
appear to be equally effective as protective agents against the inactivation of 
the ascorbic acid oxidase.  In terms of iron, as little as 0.0025 microgram in the 
form of either active porphyrin protein enzyme, catalase, or peroxidase, com- 
pletely protects the ascorbic acid oxidase against inactivation (curve II) and 
the effect of as little as 0.00023 microgram can be easily detected (curve III). 
TABLE IV 
Protective Agents  Used in Experiments Skown in Curves of Fig. 3.  All Values in Table Are 
C-i,en in Micrograms 
Curve ............................  ,,. 
Catalase .................... 
As Fe ....................... 
Peroxidase .................. 
As Fe  ...................... 
Methemoglobin ............. 
As Fe ...................... 
Hem~n  ..................... 
As Fe ...................... 
Cytochrome c ............... 
As Fe ...................... 
Gelatin ..................... 
Egg albumin  ................ 
I 
0 
0 
0 
0 
0 
0 
01 
0 
500 
0 
II 
2.17 
0.00: 
0.00: 
or 
31o.o5 
3.83 
or 
I0.0 
0.85 
500 
III 
0.217 
0.000 
or 
0.275 
0.000 
or 
13.10 
0.038 
or 
1.0 
0.085 
500 
IV 
0 
0 
0 
0 
131.o~ 
0.383 
500 
V 
0 
0 
0 
0 
1.31 
0.00383 
500 
VI 
217" 
0.23 
275* 
0.25 
or 
1550 
5.3 
or 
5500 
or 
5750 
* Boiled  solutions. 
:~ Boiled or native solutions. 
See legend of Fig. 3 for other details. 
Larger amounts (ten and one hundred times as much) of these two enzymes, 
when introduced into the original system gave results identical to those shown 
in curve II. 
No protective action was shown by solutions of catalase and peroxidase that 
had been boiled, even when relatively large amounts of the boiled solutions 
were used.  This is shown by curve VI, which is superimposable on curve I. 
Since these solutions were boiled until they showed no catalase or peroxidase 
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attributes of these two iron-porphyrin proteins, to make them of value as pro- 
tective agents against the reaction inactivation of ascorbic acid oxidase.  In 
line with this, the two inert proteins, egg albumen and gelatin, were not found 
to be capable of protecting against the inactivation, even when large amounts 
were employed (curve VI).  Likewise, the inability of cytochrome c to function 
as a protective agent is explicable on the same basis, for although cytochrome c, 
as an iron-porphyrin,  is  considered to be very similar in  structure  to both 
peroxidase and catalase, Keilin and Hartree (18) report that pure cytochrome c 
has no catalytic effect upon the decomposition of peroxides; i.e.,  catalase or 
peroxidase activity.  The fact that crystalline heroin itself is capable of exert- 
ing considerable protective ability (curves II and III) might be considered to 
be in line with this conclusion, since Haurowitz (22) has reported that crystal- 
line hemin exhibits both catalase and peroxidase activity.  The extent of these 
activities on an Fe basis is very much lower than for catalase or peroxidase, and 
it will be noticed that on the same basis the protective action of hemin is much 
lower. 
The behavior of both native and "boiled" methemoglobin solutions in protect- 
ing against the inactivation of the oxidase is explicable in view of the results 
obtained with crystalline hemin.  The methemoglobin solution used had both 
peroxidatic and catalatic activity in a slight degree.  Whether these activities 
were noticeable because of the contamination of the methemoglobin solution 
by catalase and peroxidase or were due to a pseudoactivity of the hemin portion 
of the methemoglobin we did not attempt to prove.  However, certain workers 
(23)  do ascribe to hemoglobin a  peroxidatic action in its own right.  Since 
boiling  completely destroyed both  the  catalytic activity of peroxidase  and 
catalase as well as ruined their protective action on ascorbic acid oxidase, it does 
not appear that the heat-stabile protective action of methemoglobin can be 
ascribed to contamination by peroxidase or catalase.  Rather, it would seem 
that  the protective  action of "boiled" methemoglobin is  due  to  a  pseudo- 
catalase or pseudo-peroxidase activity of the hemin moiety of the molecule; 
an activity that is independent of "native" protein, just as in the case of the 
crystalline hemin. 
All experiments using either catalase or peroxidase as the protecting agent 
were performed under two different conditions of ascorbic acid concentration. 
Catalase and peroxidase solutions (diluted 1:1000 and containing 0.00217 and 
0.00275 mg. per cc. respectively) furnished complete protection against inacti- 
vation of the enzyme during the oxidation of 15 mg. of ascorbic acid as well as 
5 mg. of ascorbic acid as is pictured in Fig. 3. 
The Protective Action of Catalase and Peroxidase in the Presence of Iron-Porphyrin 
Enzyme Inhibitors 
Sodium azide  and  hydroxylamine hydrochloride have  been  shown  to  be 
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therefore, to study the effect of these inhibitors on the protection offered  by these 
iron-porphyrin enzymes to ascorbic acid oxidase during the oxidation of ascorbic 
acid.  The results of such a study are shown in the curves of Fig. 4.  For com- 
parison purposes curve I shows the oxidation of ascorbic acid by 1 unit of ascor- 
bic acid oxidase in the absence of these protective agents, and curve II shows 
the oxidation course affected by the same amount of oxidase in a  system con- 
taining excessive amounts of either catalase or peroxidase.  Curve III shows 
that sodium azide (0.000125 ~) has a marked inhibitory effect on ascorbic acid 
oxidase itself (compare with curve I) and increasing the concentration of azide 
to 0.000625  ~r did  not  change  the  reaction course any further.  When  the 
catalase-protected reaction system (curve II) was made 0.000125 ~  in respect 
to  azide,  an  amount  of azide  sufficient to  completely inhibit  the  catalase 
activity of the quantity of catalase used, as measured by the decomposition of 
H~O~, curve IV was obtained.  And when the same catalase system was made 
0.000625  ~  in respect to sodium azide a  curve superimposable on curve III 
was obtained. 
Similar experiments with  the  peroxidase-protected system  are  shown  by 
curves V and VI.  Notice that the sodium azide does not decrease the protec- 
tive action of peroxidase as much as it decreases the catalase protection.  This 
is in agreement with the fact that azide is not as effective an inhibitory agent 
for peroxidase activity as it is for catalase activity (24).  To obtain comparable 
inhibition in the peroxidase-protected system, it was found necessary to in- 
crease the azide concentration ten times over that used in the catalase-protected 
systems.  These results with azide in the catalase- and peroxidase-protected 
systems indicate, as did the "boiled" catalase and boiled peroxidase experiments, 
that the protective action of these iron-porphyrin enzymes is closely associated 
with  their  catalase  and peroxidase activity respectively, since  inhibition  of 
these activities decreases the protection offered  by these enzymes in the ascorbic 
acid oxidase system. 
The results of a  similar study made using hydroxylamine hydrochloride as 
the inhibitory agent are shown in the curves of Fig. 5.  Inspection of the data 
in this figure and its legend referring to the catalase-protected systems (curves 
II, IV, and III) shows that qualitatively the effect of hydroxylamine was the 
same as the effect of azide (compare with Fig. 4).  The hydroxylamine, how- 
ever, was not as effective as azide in nullifying the protective action of catalase. 
This is  shown by the fact that  in  order to obtain comparable inhibition or 
nullification of the protective action of catalase,  the system had to be made 
0.018 ~  in hydroxylamine hydrochloride as compared to 0.000125 ~  in sodium 
azide.  Experiments  carried  out  to  compare  the  effectiveness of  these  two 
agents in inhibiting  the ability of catalase to decompose hydrogen peroxide 
illustrated qualitatively the same point; i.e., azide is effective in much lower 
concentration than hydroxylamine.  The latter was found to be rather ineffec- 30(; 
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FIG. 4.  Showing the erect of sodium azide on the eat~ase and peroxidase-protected 
oxidation of ascorbic acid by ascorbic acid oxidase. 
Cur~e I.--Ascorbic acid  and ascorbic acid oxidase.  Reaction mixture same as 
that described in the legend of curve I, Fig. 3. 
Curve II.nAscorbic acid and ascorbic acid oxidase with eatalase or peroxidase. 
Reaction mixture same as curve I  above, except that system contained in addition 
21.7 3, of catalase or 27.5 ~/of peroxidase. 
Curve III.--Ascorbic acid and ascorbic acid oxidase and sodium azide.  Reaction 
mixture same as curve I, except that system was 0.000125 ~  with respect to sodium 
azide. 
Curve IV.--Ascorbic acid and ascorbic acid oxidase and catalase and sodium azide. 
Reaction mixture same as curve II except that in addition to 21.7 ~/of catalase the 
system was 0.000125 g  with respect to sodium azide. 
Curw V.--Ascorbic  acid and ascorbic acid oxidase and peroxidase and sodium azide. 
Reaction mixture same as curve II, except that in addition to 27.5 ~/peroxidase the 
system was 0.000125 ~ with respect to sodium azide. 
Curve  VI.--Ascorbic acid and ascorbic acid oxidase and peroxidase and sodium 
azide.  Reaction mixture same as curve II, except that in addition to 27.5 3, peroxidase 
the system was 0.000625 M with respect to sodium azide. 
Curve VIl.--Ascorbic acid and ascorbic acid oxidase and peroxidase and sodium 
azide.  Reaction mixture same as curve II, except that in addition to 27.5 "g peroxidase 
the system was 0.00125 xf with respect to sodium azide. 
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Fzo.  5.  Showing  the  effect  of hydroxy]amine hydrochloride  upon  the  catalase- 
and peroxidase-pmtected  oxidation  of ascorbic acid by ascorbic acid oxidase. 
Curve I.--Ascorbic acid and  ascorbic  acid oxidase.  Reaction mixture  same  as 
that described in the legend of curve I, Fig. 3. 
Curve  II.--Ascorbic acid and  ascorbic  acid oxidase  and catalase  or peroxidase. 
Reaction mixture same as curve I, except that system also contained 21.7 7 catA_!sse 
or 27.5 7 peroxidase. 
Curve  III.--Ascorbic  acid and ascorbic  acid oxidase and hydroxylamine hydro- 
chloride.  Reaction mixture  same as  curve I  above, except that  thesystem was 
0.0018  ~r  with  respect  to hydroxylamlne hydrochloride; curve IH also  obtained 
when system was 0.018 tt with respect  to hydroxylamine hydrochloride.  This also 
represents  the oxidation of ascorbic acid by ascorbic acid oxidase when the system is 
0.018  v  with respect  to hydroxylamlne hydrochloride  and also contains 21.7 7  of 
catalase. 
Curve  1V.--Ascorbic acid and ascorbic  acid oxidase and catalase and hydroxyl- 
amine hydrochloride.  Reaction mi~rture same as curve II above,  (catalase),  except 
that the system was also 0.0018 x with respect t O hydroxylamine hydrochloride. 
Carve V.--Ascorbic acid and ascorbic acid oxidase and peroXidase and hydroxyl- 
amine  hydroctdoride.  Reaction mixture the same as curve H  above (peroxidase), 
except that the system was either 0.0018 v or 0.018 t¢ with respect to hydroxylamine 
hydrochloride.  The same results  were obtained using 0.131 rag. of methemoglobin 
instead  of peroxidase with the same concentrations  of hydroxylamine hydrochloride. 
Without the hydroxy]amine this quantity of methemoglobin  produced results as pic- 
tured in curve II. 
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tive as an inhibitor or nullifying agent in the peroxidase-protected  and methe- 
moglobin-protected  systems (curve V). 
DISCUSSION 
The fact that in the ascorbic  acid-ascorbic  acid  oxidase reaction,  marked 
protection of the oxidase against inactivation is affected by introducing small 
amounts of either catalase or peroxidase to the system, and the fact that the 
protection is closely associated  with the catalytic activity of these iron-por- 
phyrin proteins, would lead one at first thought to attribute the inactivation to 
the formation of H20~ as a  reaction product of the enzymatic oxidation of 
ascorbic  acid.  This  explanation,  however,  is  untenable  for  the  following 
reasons,  as pointed out by Steinman and Dawson (2)  and confirmed in this 
study: (1)  Neither of these protective agents alters  the  initial rate  of the 
reaction nor changes the volume of oxygen absorbed during complete  oxida- 
tion of the ascorbic  acid as measured manometrically.  If H20~ were being 
decomposed,  oxygen would  be returned to the system, thereby lowering the 
initial rate of oxygen uptake and the total volume of oxygen absorbed per 
milligram of ascorbic acid completely oxidized.  (2)  The peroxidase,  even in 
ten times the concentration needed to show marked protective action, would 
not decompose H~O~ alone, or at any significant rate in the presence of ascorbic 
acid.  (3)  Methemoglobin and hemin, in concentrations that exhibited good 
protective action, showed only slight ability to decompose H~O2. 
Yet it is apparent, in view of the following facts, that the protective action 
of these iron-porphyrin proteins is in some way closely associated with their 
enzymatic activity.  (1)  Boiling  the  catalase  and  peroxidase  preparations 
destroys their protective action as well as destroys their enzymatic activity. 
(2)  Catalase and peroxidase inhibitors such as sodium azide and hydroxylamine 
hydrochloride also inhibit the protective ability of these enzymes.  (3)  Cyto- 
chrome  c has no protective ability against the inactivation of the  oxidase 
and likewise has no enzymatic action upon H~O~.  (4)  Non-enzymatic pro- 
teins such as gelatin and egg albumin have no protective action on this type 
of inactivation. 
One  explanation  of  these  seemingly  contradictory facts  suggests  itself. 
That is, that the inactivation of the oxidase may be due to some precursor 
of hydrogen peroxide;  i.e.,  a  "redox" form of oxygen having a  transitory 
existence because of performing  some intermediary function in the enzymatic 
oxidation of ascorbic acid.  It would be assumed that catalase and peroxidase 
have the ability to destroy this precursor at a high rate as long as they are 
enzymatically active,  and  that  such  decomposition  would  not  affect  the 
oxygen uptake or oxygen totals for complete  oxidation of the ascorbic acid. 
It would likewise be necessary  to assume that heroin, and therefore native or 
denatured methemoglobin,  can also  decompose  the precursor  when present 
in sufficient concentration. 198  INACTIVATION OF  ASCORBIC  ACID  OXIDASE 
SIYM~ARY 
1.  In the absence of protective agents, highly purified ascorbic acid oxidase 
is rapidly inactivated during the enzymatic oxidation of ascorbic acid under 
optimum experimental conditions.  This inactivation, called reaction inactiva- 
tion to distinguish  it from the loss in enzyme activity that frequently occurs 
in diluted solutions of the oxidase prior to the reaction, is indicated by incom- 
plete oxidation of the ascorbic acid as measured by oxygen uptake; i.e., "inac- 
tivation totals." 
2.  A minor portion of the reaction inactivation appears to be due to environ- 
mental factors such as rate of shaking of the manometers, pH of the system, 
substrate concentration, and oxidase  concentration.  The presence  of inert 
protein  (gelatin)  in  the system ameliorates the  environmental inactivation 
to a considerable extent, and variation of the above factors in the presence of 
gelatin has much less effect on the inactivation totals than in the absence of 
gelatin. 
3.  A major portion of the reaction inactivation of the oxidase  appears  to 
be due to some factor inherent in the ascorbic acid-ascorbic acid oxidase-oxygen 
system, possibly a  highly reactive "redox" form of oxygen other than H~O2 
or  H20.  The  inactivation cannot  be  attributed  to  dehydroascorbic acid, 
the oxidation product of ascorbic acid. 
4.  Small amounts of native catalase, native peroxidase, native or denatured 
methemoglobin,  and heroin when added to the system, markedly protect the 
oxidase  against inactivation.  Cytochrome c has no such protective action. 
Likewise  proteins such  as egg albumin, gelatin, denatured catalase,  or  de- 
natured peroxidase show no such protective action. 
5.  None of the protective agents mentioned above affect the initial rate of 
oxygen uptake or change the total oxygen absorbed for complete  oxidation 
of the ascorbic acid, and hence do not act by removal of hydrogen peroxide, 
per se. 
6.  Sodium azide  and hydroxylamine hydrochloride which  inhibit eatalase 
and peroxidase  activity also  inhibit the protective action of these iron-por- 
phyrin enzymes. 
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